In this paper, a novel discriminant algorithm based on Fisher linear discriminant that enables distinguishing the features of Codon DNA Segments (CDS) in a DNA sequence consistent with the underlying stochastic attributes is developed. It is specifically applied to a viral single-strand DNA (ssDNA). The Fisher discriminant adopted delineates judiciously, the codon and non-codon regions in the test ssDNA. With a complete description of the computational procedure, the efficacy of the algorithm is tested via simulated experiments on a real ssDNA of B19 virus. The results are validated against GenBank data available on the test viral sequence. Inferences with regard to CDS regions present in the test sequence are made indicating possible fuzzy transitions of codon/non-codon sections.
Introduction
It is well known that DNA is a linear, unbranched macromolecule composed of four chemically different units called nucleotides, and the DNA chain is composed of millions of such nucleotides. Further, the nucleotides of a DNA are linked covalently, each being composed of a pentose sugar, a nitrogenous base and a phosphate group (Brown, 1999) . The associated nucleic acid bases (or side-chains) are Adenine (A), Guanine (G), Cytosine (C) and Thymine (T). The stochastical order of occurrences of these bases along a DNA strand constitutes genetic information (Claverie and Notredame, 2003) borne by the sequence.
The nucleotide bases, namely, {A, T, C, G} form a set of 64 (= 4 3 ) triplets, and a DNA sequence is made essentially of two compositional domains expressed in terms of these triplets:
• The coding DNA part where the triplets (made of nucleotide bases) constitute the so-called codons, and the codon usage is directed at encoding for a protein by virtue of the genetic information (in Shannon sense) associated with the occurrence probabilities of bases/triplets.
• The other composition refers to a non-coding (or 'junk') codon part, which is not involved in such protein-encoding functions.
Typically, in prokaryotic species like Escherichia Coli, about 90% of DNA is coding in terms of the arranged set of nucleotide bases. However, such arrangement is uncommon in eukaryotes like Homo Sapiens and hence, the coding content is less than 5%. The non-codon though considered to have no defined functions except of some genetic relics (Claverie and Notredame, 2003) , many of its functions still remain unknown. There are many regulatory functions (for example, promoters) known to be located in 'junk' or non-codon DNA parts mainly in regions flanking the coding DNA, and there are also many repetitive and conserved sequences of codon (motifs) regions of unknown significance. The occurrence frequencies of triplet contents in the coding and non-coding domains of a genomic DNA (representing a large scale of sequencing bases) constitute the so-called coding statistics.
The large-sized population of codon/non-codon constituents in a DNA and their interdependence characteristics together with their stochastical attributes render the DNA sequence aptly to be described as a vast complex system. The underlying complex nature of codon and non-codon binary mixture has been elucidated via a complexity metric introduced in Neelakanta et al. (2003) . Such complex system profiling of a DNA sequence is also commensurate with the modular nature of proteins stemming from DNA sequences. More so, the functional attributes of a DNA structure are exhibited through their structural units or domains and lead to the consensus of classifying DNA structures as adaptive complex systems portrayed in Nagl (2000) .
Scope, motivation and methodology of this study
The scope of this study is to investigate the possible use of the so-called Fisher discriminant metric in an algorithm so as to decide whether a subspace in a DNA sequence is a codon or a non-codon region. The method developed thereof is based on the approach described in Arredondo (2003) , and it is specifically applied here to analyse viral DNA. Although bioinformatic-specific statistical discrimination of segments in a DNA sequence has been widely used in non-viral cases, such efforts are rather sparse vis-à-vis viral DNA sequences. Especially, applying Fisher discriminant metric in viral DNA sequence analysis is not indicated in open literature to the best of author's knowledge.
Hence, pursued in this study is a Fisher-metric methodology to elucidate codon-non-codon delineation in a viral DNA structure. This technique is applied to score the DNA sequence of parvovirus B19 virus, specifically to determine the associated delineating boundaries of codon DNA segments (CDS). The study involves using different/distinct extents of granularity in specifying the resolution of codon and non-codon sections assessed by the Fisher discriminant measure. In the simulation experiments, this method is tested with multiple ensemble runs using real as well as synthetic sequences. Obtained results show significant delineation capability of this method especially with small triplet resolutions (dubbed here as 'bucket sizes').
This paper is structured as follows: In Section 2, the attributes of a viral DNA structure are outlined. Codon-non-codon delineation considerations or forming of CDS are explained in Section 3. Furnished in Section 4 are simulation experiments along with the results obtained thereof. Lastly, in Section 5, the conclusions are presented.
Attributes of the viral DNA structure
Viruses are well-known infectious agents that (unlike prokaryotes or eukaryotes) operate on the very edge of the living system. They function as DNA (or RNA) transmitters by infecting a host cell, which generates new copies of the virus using the DNA (or RNA) in the virus as a blueprint for its multiplication. Therefore, viruses cannot reproduce outside a host cell. In the context of evolution, viruses are important because they generate horizontal gene transfer between organisms, which increases population genetic diversity. Viruses consist of either DNA or RNA, a protein coat protecting its genes and possibly a lipid envelope surrounding the protein coat when the virus is outside a cell. One method of classification of viruses is known as the Baltimore classification system, which places viruses in one of the seven groups according to their mode of replication and genome type (double-or single-stranded, RNA or DNA genome, reverse transcriptive or not) (Claverie and Notredame, 2003; Wikipedia Virus Definition) .
For this study, the test DNA considered corresponds to the parvovirus B19 (henceforth, simply referenced as 'B19'), which is a non-enveloped, icosahedral virus containing a single-stranded linear DNA genome (ssDNA). This particular virus is of biological and clinical interest because it is the causal agent for a childhood rash called fifth disease (slapped-cheek syndrome) or Erythema infectiosum. This virus was discovered in 1975 by virologist Yvonne Cossart (Vafaie and Schwartz, 2004; Sabella and Goldfarb, 1999; Cossart et al., 1975) .
Codon-non-codon delineation: CDS identification
The sequence patterns of DNAs are described in molecular biology, mostly in approximate norms. The reason is that sufficient information about a particular sequence may not be generally available in certain contexts as well as some information may be altogether missing as a result of mutations over the evolutionary process. Therefore, studies on DNA sequences could be posed with imprecise information that can only be specified with subjective attributes and qualitative descriptions (Torres and Nieto, 2003) .
A variety of approaches toward codon-non-codon delineation are available in the literature. In Galván et al. (2000) , for example, an entropic segmentation technique is presented based on evaluating the entropy profile of the sequence using a moving-pointer approach. Information-theoretic methods have also been explored in the context of bacterial and human DNA analysis using statistical divergence measures such as Csiszár's f-divergence metrics and Fisher discriminant (Arredondo, 2003) . Further, distance measures, such as Euclidean and Mahalanobis metrics, have also been considered in Arredondo (2003) . In relevant contexts, DNA sequence of nucleotides are considered as being composed of subspaces (of subsequences) representing codons, non-codons and overlap of codons and non-codons.
In general, the codon-to-non-codon transitions are crisp in the sense that the boundary of transition is well defined. However, when overlaps or grey domains are observed at the delineating boundary, fuzzy considerations are invoked as addressed in Torres and Nieto (2003) , Nagl (2000) , Chang and Halgamuge (2001) and Arredondo (2003) . Relevant aspects of motif extraction are indicated in Chang and Halgamuge (2002) ; further, fuzzy adaptive resonance theory is considered in Tomida et al. (2002) to perform statistical clustering for analysing the time-series expression data in bioinformatics.
Codon-non-codon delineation using Fisher discriminant
As indicated earlier, developing an algorithm based on Fisher-discriminant metric forms the scope of this study to ascertain whether a subspace in a given DNA sequence is a codon or a non-codon region. Relevant exercise is applied exclusively to a viral ssDNA and simulated experiments are conducted thereof on the test DNA of B19 virus. The decision scoring method advocated in identifying the CDS regions is based on prescribing a Fisher measure across the stretch of the test sequence as described in Arredondo (2003) . Complete source code implementation of this algorithm is available in Arredondo (2010) , and the underlying analytical considerations are as follows:
The Fisher linear discriminant was introduced by Fisher (1936) with regard to taxonomic studies toward determining the statistical distance between two different population distributions (Fisher, 1936) . Relevant (Fisher discriminant) criterion is to find a linear function U of a set of measurements {u i } on population attributes that will maximise the SMD-to-SD ratio, where SMD is the difference between the specific means of the measured values and SD denotes the corresponding standard deviations.
Hence, the objective goal is to find a set of coefficients λ 1 through λ n pertinent to the function ), and it indicates how far apart the two distributions being considered are and at the same time, how tightly they are distributed. A greater separation between two populations and a tighter distribution for each will produce a higher value for the Fisher criterion set by F.
To deduce the Fisher metric value, three sequences are generated with probability attributes p 1 and p 2 defined and described below. The generated sequences are as follows:
• Seq I: A template sequence of codons (with a probability attribute p 1 decided by the test ssDNA).
• Seq II: A template sequence (with a probability attribute p 2 ) depicting a non-codons (junk) sequence.
• Seq III: A sample sequence made of a mix of codons (with the attribute p 1 ) and non-codons (with the attribute p 2 ). This corresponds to a synthetic chain made to depict artificially the explicit presence of codons and non-codons along the sequence.
In the above exercise, p 1 denotes the probability of occurrence of the triplets in the test ssDNA as available in the GenBank database (NCBI Genome Database) and p 2 is a constant probability equal to 1/64. That is, p 2 used in constructing the junk/non-codon sequence implies uniformly distributed occurrence events of the 64 triplets, and as such the non-codon sequence (Seq II) so generated is non-informational (junk) due to all events being equally-likely to occur. An event space in a DNA sequence pattern depicts an occurrence set of triplets phased as a three-letter permutations (phases) of {A, T, C and G}, (0, 1, 2) ≡ (AAA), (AAT), (AAC), (AAG) and so on. This depiction translates into modelling the nucleotide set conforming to 12 dimensions (= 3 phases × 4 bases).
Consistent with the above notion of 12-dimension, the computation of CDS delineation involves first creating a [12 × 1] vector (µ i ) with the mean count of each base type found at each phase for the entire codon template sequence (Seq I). Similarly, another [12 × 1] vector (ν j ) is determined for the non-codon template sequence (Seq II). Next, the entire stretch of Seq I is divided into blocks, with each block consisting of 10 triplets. Once the Fisher coefficients (λ values) are computed, they are used with synthetic sample sequence (Seq III) consisting of alternating codon and non-codon spaces and the associated Fisher measure is evaluated. Relevant procedure is as follows: The Seq III is segmented into 'buckets' of a specified length and a [12 × 1] (z) vector array is created with the mean count of each base type (A, T, C, G) found at each phase (0, 1, 2) within the 'bucket' being scored. The Fisher measure value (F) for the given bucket of Seq III is then evaluated as: (Transpose of the λ vector) × (z vector). That is (Arredondo, 2003) ,
4 Simulation experiments Figure 1 illustrates the results of a set of experiments where the Fisher-metric based codon/non-codon delineation is done using different bucket sizes. Each experiment corresponds to 100 ensemble runs. The test sequences adopted are generated as follows:
Codn-non-codon delineation
• The codon sequence (Seq I) generated using p 1 is randomly segmented introducing (random) gaps.
• In the gaps of the segmented regime, sliced non-codon compositions (with p 2 = 1/64) from Seq II are introduced following the general considerations proposed in Galván et al. (2000) . This composite synthetic sequence corresponds to Seq III indicated earlier.
• The composite sequence (Seq III) is then contrasted bucket-wise against the (pure) non-codon segment (of Seq II), and, the resulting Fisher linear discriminant metric is computed for each bucket.
The results of the aforesaid computations are depicted in Figure 1 , where the horizontal scale refers to the pointer positions of triplet locations across the entire nucleotide stretch and the vertical scale refers to the Fisher measures computed. Table 1 and Figure 2 show the results of a second set of experiments performed to investigate the statistical effect of decreasing the bucket sizes on the quality of the results obtained. Relevant effect is decided from the average distance between Fisher scores in codon and non-codon regions. In this second set of experiments, four non-codon and codon regions (each of 6400 triplets in length) concatenated to generate a total sequence of 25,600 triplets in length. This large stretch is required to have meaningful statistics when comparing the results using different bucket sizes varying in length from 400 down to 10 triplets in length. Fifty independent tests each of 100 ensemble runs are performed to gather statistically viable information. 
Bucket-size implications

Fisher scoring of real B19 genome
As seen in Figure 3 , a third experiment was performed to compute the Fisher score on a real Human parvovirus B19 genome available in the GenBank database of (NCBI Parvovirus B19 Genome). This sequence has 5594 bases (that is, 1864 triplets), and the CDS is represented by genes in bases at 615-2630 (or triplets 205-876) and 2623-4968 (or triplets 874-1656) . The bucket size used for this set of experiments corresponds to 10 triplets (corresponding to one block) so as to achieve better resolving capability (as evinced in the results of the first experiment).
To enable comparison of the results, the Fisher score results obtained with B19 viral DNA sequence for each of 50 independent tests is phase-aligned, zero-centred and normalised prior to averaging the results. This is required to account for varying λ-values 
Conclusions
In computational recognition of codon vs. non-codon regions, it is necessary to consider how effectively an algorithm enables such recognitions (or differentiation), even when there is a subtle statistical difference in their relative populations. In prokaryotic genomes, for example, the coding regions could be separated by a very small non-coding section, sometimes too small for distinct identification of the borders on a statistical basis.
Therefore, it is preferable to have a metric that yields a significant measure of contrast even for small fractions of codon populations (relative to non-codon populations). In other words, the efficacy of the algorithm used for distinguishing codon/non-codon regions can be specified by the abrupt changes in the measure.
As noted in Vafaie and Schwartz (2004) , there could be edge-effects present in the entropic segmentation technique (Galván et al., 2000) as a result of a lack of accumulation of statistics as the pointer begins its journey through the sequence. That is, when the pointer moves toward the edges of the test DNA sequence there is not enough sequence data available for adequate statistics to be compared. However, this issue is not present in the Fisher-metric-based algorithm indicated in this study. The reason is that the moving-window (that is, the bucket-based) computation does not rely on comparing the statistics encountered by the moving pointer (along the sequence) in the related computational procedure.
In this study, the Fisher metric is found to be successful in delineating codon and non-codon regions based on a comparison strategies adopted between purely-codon and purely-non-codon sequences. As can be seen from the experimental results of the synthetic sequences, accurate DNA codon detection has been possible up to a resolution of approximately 10 concatenated triplets. Similar results are observed in the third experiment also, in which codon regions of B19 NCBI sequence are clearly demarcated from non-codon ones facilitating CDS identification.
In the experiments performed, there is some uncertainty due to the presence of inherent fuzzy regions of the sequence and as a result of statistical standard deviation. The statistical error comes in possibly due to the following: In between each test run, new set of λ-coefficients are calculated in scoring with purely-codon vs. non-codon sequences. The resulting error is, however, reduced in the second experiment (and mostly eliminated in the case of the third experiment) since the same λ-values are repeatedly used throughout.
Possible extended efforts could be the use of Fisher-metric approach in relation to other bacterial and viral genomes. For example, there are closely-related but antigenically distinct viruses causing a particular disease, such as dengue and dengue haemorrhagic fever. Relevant virus serotypes are DEN-1, DEN-2, DEN-3 and DEN-4 of the genus Flavivirus. It will be of interest to apply statistical discriminant methods to such viral types. As seen in this study, typical (fuzzy) overlaps at codon-non-codon boundaries prevail in the DNA sequences. If similar observations in DNA sequences of closely related but antigenically distinct viruses are seen, it will be of bioinformatic interest for further studies. Also, improving the predictability of scoring biological sequences and using Fisher-metric in the machine-learning contexts (as a part of automated classification methods) offer directions for future studies.
